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In the heavily hole-doped iron-based superconductors AFe2As2 (A = K, Rb, and Cs), the electron
effective mass increases rapidly with alkali-ion radius. To study how the mass enhancement affects
the superconducting state, we measure the London penetration depth λ(T ) in clean crystals of
AFe2As2 down to low temperature T ∼ 0.1K. In all systems, the superfluid stiffness ρs(T ) =
λ2(0)/λ2(T ) can be approximated by a power-law T dependence at low temperatures, indicating
the robustness of strong momentum anisotropy in the superconducting gap ∆(k). The power α
increases from ∼ 1 with mass enhancement and approaches an unconventional exponent α ∼ 1.5 in
the heaviest CsFe2As2. This appears to be a hallmark of superconductors near antiferromagnetic
quantum critical points, where the quasiparticles excited across the anisotropic ∆(k) are significantly
influenced by the momentum dependence of quantum critical fluctuations.
PACS numbers: 74.20.Rp,74.70.Xa,74.25.N-,74.40.Kb
An important question on the mechanism of high-
temperature superconductivity in iron pnictides concerns
the relationship between the quantum criticality and su-
perconductivity. In the vicinity of the range of the super-
conducting phase, antiferromagnetic order with a close-
by tetragonal-orthorhombic structural transition is fre-
quently found, and the anomalous normal-state proper-
ties near the endpoint of the order have been detected
in BaFe2As2-based superconductors, implying the im-
portance of quantum critical fluctuations [1–7]. These
anomalies are mostly associated with the enhanced elec-
tron correlations, which manifest themselves as diver-
gently increasing electron effective mass m∗ approaching
a quantum critical point (QCP) [3].
On the other hand, in the high doping regime of the
Ba1−xKxFe2As2 system, an increasing trend of m
∗ has
been found with hole doping x; the Sommerfeld coeffi-
cient of the electronic specific heat γ, a measure of m∗,
reaches ∼ 100mJ/molK2 in KFe2As2 (x = 1) [8–10],
and even exceeds γ of the quantum critical concentra-
tion z = 0.3 in BaFe2(As1−zPz)2 system [3]. Such a very
large mass in KFe2As2, comparable to moderately heavy
fermion materials, is also confirmed by the large Fermi-
liquid coefficient of the resistivity [11], and by quantum
oscillations [12], angle-resolved photoemission [13], and
optical conductivity [14]. It has been theoretically sug-
gested that these strongly enhanced electron correlations
for the x = 1 system, where the number N of 3d electrons
per Fe site is 5.5, are related to the possible proximity to
the Mottness of N = 5 (half-filled for all 3d orbitals) [15],
which is much more pronounced than the N = 6 case of
BaFe2As2 [16, 17]. It has also been found that the iso-
valent substitution for K by larger alkali-ions Rb or Cs
results in even larger γ values up to ∼ 180mJ/molK2
[18, 19]. This suggests that the negative chemical pres-
sure effect in AFe2As2 (A = K, Rb, and Cs) [see Fig. 1(a)]
effectively reduces the band width with increasing alkali-
ion radius, which leads to an approach to a QCP of an-
other antiferromagnetically ordered phase [20].
One of the key issues is how the quantum critical fluc-
tuations affect the superconducting properties [21–27]. It
has been demonstrated both experimentally [21, 27] and
theoretically [23–25] that the enhanced electron correla-
tions lead to an enhancement of the London penetration
depth λ(0) in the superconducting phase. It has also been
proposed [22, 25] that the low-energy quasiparticle exci-
tations in nodal superconductors near an antiferromag-
netic QCP are significantly affected in a non-trivial way,
giving rise to an unusual power-law temperature depen-
dence of λ(T ) with a non-integer exponent close to 1.5,
which differs distinctly from the T -linear dependence ex-
pected for line nodes of the superconducting energy gap
∆(k). In this viewpoint, clarifying the effect of the pos-
sible QCP on λ(T ) in AFe2As2 (A = K, Rb, and Cs) is
fundamentally important. Here, we report on such mea-
surements of λ(T ) down to low temperatures by using
very clean single crystals. We find a systematic change in
the exponent α of its power-law temperature dependence
with increasing alkali-ion radius, from α ∼ 1 for K [11]
to α ∼ 1.5 for Cs. This supports the presence of quan-
tum critical fluctuations in CsFe2As2, strongly affecting
quasiparticle excitations as observed in other quantum
critical superconductors.
Single crystals of AFe2As2 were synthesized in alumina
crucibles by a self-flux method [28]. In these crystals,
quantum oscillations have been observed in magnetostric-
tion measurements for A = K [29], Rb, and Cs [20], indi-
cating that the samples are very clean. In this study, the
2FIG. 1. (Color online). (a) Schematic phase diagrams of
BaFe2As2-based superconductors with Co, K, and P substi-
tutions [1], combined with that of AFe2As2 (A = K, Rb, and
Cs). Only antiferromagnetic TN (blue circles) and supercon-
ducting transition temperatures Tc (red circles) are shown for
clarity. The isovalent AFe2As2 and BaFe2(As1−zPz)2 systems
correspond to 3d electron numbers per Fe atom of N = 5.5
and 6.0, respectively (green lines). (b) Temperature depen-
dence of the frequency shift multiplied by the geometric factor
G in AFe2As2 single crystals. The data for A = K are taken
from Ref. [11]. (c)-(e) Low-temperature change of the pene-
tration depth ∆λ below T/Tc = 0.20 plotted against T/Tc
(c), (T/Tc)
1.5 (d), and (T/Tc)
2 (e). The data are vertically
shifted for clarity. Dashed lines are the guides to the eyes.
penetration depth measurements were performed for A =
Rb, and Cs using a self-resonant tunnel-diode oscillator
with the resonant frequency f of ∼ 13MHz in a dilution
refrigerator, and we compare the results with the previ-
ously reported data for A = K taken in a similar setup
[11]. The shift of the resonant frequency ∆f is directly
proportional to the change in the magnetic penetration
depth, ∆λ(T ) = G∆f(T ), in the superconducting state
below Tc. The geometric factor G is determined from
the geometry of samples and the coil. The samples are
cleaved on all sides to avoid degradation due to the reac-
tion with air and coated by Apiezon grease. The samples
were mounted in the cryostat within 15 minutes after
cleavage to minimize the exposure to air. Typical lateral
size of crystals is ∼ 500 × 500µm2 and the thickness is
less than 50µm.
Figure 1(b) shows the temperature dependence of the
resonant frequency shift ∆f multiplied by G. The su-
perconducting transition temperatures Tc defined by the
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FIG. 2. (Color online). (a) Band structures of AFe2As2 (A =
K, Rb, and Cs) calculated within GGA-PBE. (b) Density of
states as a function of energy near the Fermi level.
midpoint of the transition are 3.4, 2.5, and 2.2K for A =
K, Rb, and Cs, respectively, consistent with the previous
studies [18, 30–33]. In the normal state above Tc, G∆f
is determined by the skin depth δ(T ), which is related
to the dc resistivity ρ(T ) through δ(T ) =
√
2ρ(T )/µω.
Here, µ is the permeability and ω = 2pif is the angu-
lar frequency of the oscillator. From these relations we
estimate ρ values just above Tc as ∼ 0.8, ∼ 1.0, and
∼ 1.2µΩcm for the K, Rb, and Cs cases, respectively.
These low resistivity values indicate the high quality of
our samples.
In Figs. 1(c)-(e), the change in the penetration depth
∆λ(T ) = λ(T ) − λ(0) at low temperatures is plotted
against T/Tc, (T/Tc)
1.5 and (T/Tc)
2 for all samples. Two
crystals are measured for both Rb and Cs systems and
they exhibit almost identical T -dependence in each case.
For all systems ∆λ(T ) clearly exhibits a non-exponential
T -dependence in a wide temperature range, which can
be approximated by a power law. The exponent of the
power-law T -dependence is less than 2, which is clearly
demonstrated by the convex curvature against (T/Tc)
2
[Fig. 1(e)]. Such small exponents α < 2 found for all
three compounds, which can hardly be explained by the
pair-breaking scattering effect for fully opened gaps [34],
immediately indicates the robust presence of low-energy
quasiparticle excitations. This is consistent with nodal
gap structure inferred from the observation of a residual
term κ/T for T → 0K of the thermal conductivity κ
in AFe2As2 [19, 32, 35–37], although measurements at
lower temperature below ∼ 0.1K would be required for
the ultimate determination of the presence of nodes or
very small minima in ∆(k) [38, 39].
A closer look at the data shows a systematic increase
of the exponent in the order of K, Rb, and Cs. To discuss
the origin of this change, we first examine the evolution
of electronic structure in this series. The band-structure
calculations are performed within the generalized gradi-
ent approximation (GGA-PBE [40]) for the experimen-
tally obtained lattice parameters by using the Wien2k
package [41]. As shown in Fig. 2(a), the results indicate
very similar structures for all three systems, which are
consistent with the local density approximation results
3FIG. 3. (Color online). (a) Superfluid stiffness ρs(T ) =
λ2(0)/λ2(T )2 obtained by using the reported values of λ(0) =
203 [43], 267 nm [30], and the estimate of λ(0) = 305 nm (see
text) for A = K, Rb, and Cs, respectively. (b) Comparisons
of ρs(T ) for T/Tc < 0.2 with multigap calculations with and
without considering the momentum-dependent effective Fermi
velocity v∗F ∝ |∆(k)|
1/2. (c)-(e) Low-T part of ρs(T ) below
T/Tc = 0.15 plotted against T/Tc for K (c), (T/Tc)
1.4 for Rb
(d), and (T/Tc)
1.5 for Cs (e). The data are vertically shifted
for clarity. Dashed lines are the guides for the eyes.
for A = K [12] and Cs [42]. The Fermi surfaces of the K,
Rb, and Cs systems all have the same topology, which is
confirmed by the quantum oscillation experiments men-
tioned above [20]. Furthermore, Tc of these materials
shows a universal V-shaped dependence on hydrostatic
pressure [31], suggesting that the superconducting gap
structure is also essentially similar.
To make a more quantitative analysis, we use the value
of λ(0) ∼ 203(10)nm reported in the small-angle neutron
scattering measurements for K [43] and λ(0) ∼ 267(5)nm
obtained in the µSR measurement for Rb [30]. As there
is no report on λ(0) for Cs so far, we roughly estimate
λ(0) ∼ 305(30)nm on the assumption that λ2(0) is pro-
portional to γ [3]. By using these values, we obtain the
full temperature dependence of λ(T ) and the normalized
superfluid stiffness ρs(T ) = λ
2(0)/λ2(T ) [Fig. 3(a)]. The
overall T dependence of ρs is quite similar in all sam-
ples, consistent with the very similar electronic and gap
structures in these materials except for the effective mass,
which is mainly reflected by the difference of the λ(0) val-
ues. In contrast, ρs(T ) at low temperatures shows a dras-
tic change; compared with the data for K, the Rb and Cs
data show more convex curvatures [Fig. 3(b)], indicating
a significant change in the amount of quasiparticle exci-
tations at low energies.
The low-temperature part of ρs(T ) plotted against
(T/Tc)
α with different exponents α for different sys-
tems [Figs. 3(c)-(e)] confirms a power-law T -dependence
with a systematic change in α. In particular, we find
1 − ρs(T ) ∝ T
α with α ∼ 1.5 for Cs in a wide T range,
which is clearly different from α ∼ 1 for K. It should be
noted that there is a small deviation from the power-law
dependence at the lowest temperatures below ∼ 0.15K,
which may be due to impurity scattering. Such disorder
effects can induce T 2 dependence of penetration depth
at sufficiently low temperatures [44, 45], and sometimes
open a small gap in s-wave superconductors with acciden-
tal nodes [46], but these effects are limited to the corre-
spondingly low temperature scale and will not affect the
higher-T behavior, which is determined by the intrinsic
spectrum of quasiparticle excitations. To describe the
disorder effect in superconductors with line nodes, the
empirical formula ∆λ(T ) ∝ (T/Tc)
2/{(T/Tc) + (T
∗/Tc)}
that interpolates T -linear and T 2 dependences has been
widely used, where T ∗ is a measure of the impurity scat-
tering rate [44]. However, this fitting procedure to our
data in a wide temperature range up to T/Tc = 0.2 gives
considerably large values of T ∗/Tc; the power-law depen-
dence with α ∼ 1.5 in CsFe2As2 can be approximated by
the above equation with T ∗/Tc ∼ 0.9 which is unphysi-
cally large for clean samples with low residual resistivity
[22]. Such a large T ∗/Tc is also incompatible with the
nonlocality effect, in which T ∗/Tc ∼ ξ(0)/λ(0)≪ 1 where
ξ is the coherence length [47]. Therefore we conclude that
the anomalous power α ∼ 1.5 observed for the Cs system
is an intrinsic property of the low-energy quasiparticles
excited near the nodes or minima of ∆(k).
The most pronounced change with the alkali-ion ra-
dius Rion in this series is the strong enhancement of the
experimentally determined Sommerfeld coefficient γexp,
as shown in Fig. 4(a). This Rion dependence of γexp is
much more rapid than that of the band-structure cal-
culations γcalc, which changes by only ∼ 15% as can
be seen in the small increase in the density of states at
the Fermi level [Fig. 2(b)]. This indicates that the mass
renormalization factor averaged over the Fermi surface,
1/Z = γexp/γcalc, is strongly enhanced with increasing
Rion [Fig. 4(b)], which is consistent with the analysis of
quantum oscillations [20]. The value of 1/Z in CsFe2As2
reaches ∼ 13, which is larger than the estimated value
of ∼ 10 for the quantum critical concentration z = 0.3
in the BaFe2(As1−zPz)2 system [3]. This result suggests
that negative chemical pressure brings the AFe2As2 sys-
tem toward a QCP. The exponent α obtained from the
power-law fit to the 1 − ρs(T ) data in the T range up
to 0.15Tc also shows a systematic change with Rion as
shown in Fig. 4(b). This highlights a close link between
the unconventional exponent ∼ 1.5 and quantum critical-
ity. Considering the fact that α ∼ 1.5 has been reported
for several unconventional superconductors in the vicin-
ity of QCPs [22], we infer that this anomaly might have
a common origin associated with quantum critical fluc-
tuations.
4FIG. 4. (Color online). (a) Sommerfeld coefficients γexp in
single crystals of AFe2As2 (A = K, Rb, and Cs) [8, 9, 18, 19],
compared with the estimated γcalc from the band-structure
calculations, as a function of alkali-ion radius Rion in the
eight-fold coordination. (b) Mass renormalization factor 1/Z
extracted from the comparisons of experimental and calcu-
lated γ values, and the exponent α of the power-law T depen-
dence of ρs(T ) in a temperature range up to T/Tc = 0.15.
It has been proposed [22] that an unusual power-law
dependence of ρs(T ) with a non-integer exponent might
arise from a strong momentum dependence of the effec-
tive Fermi velocity v∗F (k) near the nodes of the supercon-
ducting gap ∆(k). Such a k dependence of v∗F ∝ 1/m
∗ re-
quires that quantum critical fluctuations responsible for
the mass renormalization also have strong momentum
dependence associated with ∆(k). This can be natu-
rally expected when the quantum critical fluctuations are
quenched by opening the superconducting gap, the de-
gree of which is determined by the gap magnitude |∆(k)|
[22]. Recent theoretical calculations for quantum crit-
ical superconductors with line nodes [25] indicate that
the current vertex corrections to the T -linear penetra-
tion depth can be significant if the antiferromagnetic hot
spots are located near the nodal points such as is the case
of electron-doped cuprates.
Now we extend this consideration to the multigap sys-
tems, where ∆(k) is very different for different bands.
The strong curvature found in ρs(T ) near Tc indicates
the importance of the multiband effect [34]. Indeed re-
cent ARPES and specific-heat measurements have re-
ported highly band-dependent gap structures in KFe2As2
[38, 48]. As shown in Fig. 3(b), we find that a set of
multigap functions similar to that accounting for the
specific-heat data [38] can reproduce the low-temperature
ρs(T ) of KFe2As2 fairly well. Here we calculate ρs(T ) =∑
iw
iρis(T ) by assuming an extended s-wave state with a
nodal gap in one band (the middle hole band ζ around Γ)
and different constant gaps in other bands. The weight
wi of each band i is estimated from the quantum oscilla-
TABLE I. Multigap parameters used in the calculations of
ρs(T ). The weight w
i to ρs of band i is estimated from the
number of holes n and the effective mass m∗ in units of the
electron mass me [11], which are determined by the quantum
oscillations in KFe2As2 [12]. The gap values of each band and
the angle dependence of ∆(φ) of ζ band are assumed following
Ref. [38].
band n m∗/me w
i ∆(φ)/kBTc
α (inner) 0.17 6 0.31 0.61
ζ (middle) 0.26 13 0.23 0.35 + 0.45 cos(4φ)
β (outer) 0.48 18 0.31 0.25
ε (corner) 0.09 7 0.15 1.8
total 1.0 1.0
tion results [12] (see Table 1). Apparently, these weights
do not change significantly for Rb and Cs [20], and thus
we need another ingredient to explain the enhanced expo-
nent α. To include the effect of quantum criticality dis-
cussed above, we then calculate ρs(T ) by applying the k-
dependent effective velocity in the superconducting state
of the form v∗F (k) ∝ |∆(k)|
1/2 [22] to all bands, which
affects the weight that includes the effective mass [49].
For the ζ band this k-dependence increases the low-T
power-law exponent of ρζs(T ). For the other bands, the
T dependence of each ρis is unchanged but the relative
weights are modified by their gap magnitudes; for the
small-gap band the weight is reduced because of the sup-
pressed v∗F . This simple analysis captures salient features
of the systematic change in ρs(T ) with A [Fig. 3(b)], al-
though at higher temperatures there are some deviations
which are possibly due to the interband coupling effect.
The essence of this |∆(k)|-dependent mass renormaliza-
tion is that it can naturally reduce the contribution of
quasiparticles excited at the positions where the gap is
small. Thus the observed positive correlation between
the mass enhancement and the exponent of the super-
fluid stiffness supports this non-trivial effect of quantum
critical fluctuations in the superconducting state.
In summary, from the penetration-depth measure-
ments of AFe2As2 (A = K, Rb, and Cs) in the heavily
hole-doped regime with 3d electron number of N = 5.5,
we show that the superconducting gaps have robust
strong anisotropies, consistent with the previous reports
of thermal conductivity measurements [19, 32, 35–37].
The exponent of the approximate power-law dependence
of the superconducting stiffness changes from α ∼ 1 to-
ward α ∼ 1.5 with negative chemical pressure, indicating
a systematic decrease of the low-energy quaiparticle exci-
tations which correlates with the enhancement of the ef-
fective mass toward the possible QCP in AFe2As2. This
observation entails a new relation between the momen-
tum dependencies of quantum critical antiferromagnetic
fluctuations and quasiparticle excitations of the super-
conducting condensate.
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7SUPPLEMENTAL MATERIAL
Multigap calculations of the superfluid stiffness
The London penetration depth in a superconductor can be calculated from the superconducting gap ∆(k, T ) through
the following equation[22]:
λ−2jj′ (T ) =
µ0e
2
4pi3~
∫
vFj(k)v
∗
Fj′ (k)
|vF (k)|
[1− Y (k, T )] dS, (S1)
where v∗F (vF ) is the effective velocity in the superconducting (normal) state, the subscripts j, j
′ denote the directions
of the current and vector potential. Here,
Y (k, T ) = −2
∫
∞
∆(k,T )
∂f(E)
∂E
E√
E2 −∆2(k, T )
dE (S2)
is the Yosida function and f(E) is the Fermi-Dirac function for the quasiparticle energy E. In this study, we measure
the in-plane penetration depth λ(T ) and thus consider the in-plane effective Fermi velocities.
In multiband superconductors, the superfluid stiffness can be calculated by adding the contributions from different
bands as
ρs(T ) =
λ2(0)
λ2(T )
=
∑
i
wiρis(T ), (S3)
where band i has the superfluid stiffness ρis(T ). The weight w
i to the total ρs(T ) is determined by the corresponding
carrier concentration divided by its effective mass. The weight of each band can be estimated from the analysis of
quantum oscillations, which yields information on the cross-sectional area and the effective mass m∗ of the observed
extremal orbits. Importantly the magnitude of the effective mass averaged within one band affects only the absolute
value of λ as well as the weight wi but does not affect the temperature dependence of λ as one can see in Eq. (S1).
Based on the quantum oscillation results [12], we estimate the weight wi as listed in Table I for KFe2As2 [11]. Here
we ignore the δ band near the Z point, whose contribution is very small. The calculated contributions wiρis(T ) and
the total ρs(T ) are shown in Fig. S1(a), together with the experimental data of KFe2As2 [11]. Here the gap function
∆(k) of each band is assumed as suggested by Hardy et al. [38] (see Table I). Only the ζ band does have a wave form
with nodes at eight directions as found in high-resolution laser ARPES measurements [48]. For the other bands we
assume constant ∆ values with large differences in magnitude. As we are interested in ρs(T ) at low temperatures, we
simply assume the BCS-type temperature dependence of the gap which vanishes at the same Tc for all bands. This
assumption will introduce some errors at high temperatures when the interband coupling is strong [34, 38], but the
low-temperature behavior should not be affected by the inteband effect. As expected, ρis(T ) of the ε band, whose
gap magnitude is largest, is very flat at low temperatures, and ρis(T ) of the ζ band with a nodal gap has the steepest
temperature dependence. Interestingly, ρis(T ) of the β band with a very small gap also shows very strong temperature
dependence at low T . The total ρs(T ) obtained by adding ρ
i
s(T ) with different T dependences essentially reproduces
the salient features of the experimental data for KFe2As2, indicating that the set of gap parameters suggested in [38]
can account for both the sepecific heat and low-temperature penetration depth in a semi-quantitative manner.
Having established the validity of the multigap fit for KFe2As2, we now consider the power-law exponent found
in CsFe2As2. The quantum oscillation experiments for the AFe2As2 series [20] indicate that the size of the Fermi
surface of each band is almost unchanged and that the effective mass of each band is nearly equally enhanced
with alkali-ion radius. These features suggest that wi does not change much. To model the effect of the quantum
critical mass enhancement in the superconducting state, we take the same set of superconducting gaps, yet with
the momentum dependence of v∗F (k) ∝ |∆(k)|
1/2, which has been suggested to account for the unconventional
exponent of α ∼ 1.5 in nodal quantum critical superconductors by Hashimoto et al. [22]. When we extend this
model to multigap systems, we expect that it will also affect the relative weight, i.e., ; wi/wi
′
can be replaced by
|∆i|1/2wi/|∆i
′
|1/2wi
′
(where |∆i| is the gap magnitude of band i). For the ζ band, ρis(T ) also changes because the
k dependence of v∗F affects the integration in Eq. (S1). The resulting ρ
i
s(T ) calculations for each band and the total
ρs(T ) for CsFe2As2 are show in Fig. S1(b) together with the experimental data. The difference of ρ
ζ
s(T ) for the nodal
gap ∆(φ)/kBTc = 0.35 + 0.45 cos(4φ) between constant v
∗
F and v
∗
F (k) ∝ |∆(k)|
1/2 can be clearly seen in Fig. S1(c).
This momentum-dependent mass renormalization is directly affected by the superconducting gap magnitude, which
effectively reduces the ρs contribution of quasiparticles excited at k vectors where the gap is small. This mechanism
8can account for the systematic changes in the low-energy quasiparticle excitations when the system approaches a
quantum critical point in the vicinity of a superconducting phase.
FIG. S1. (a) Low-temperature superfluid stiffness of KFe2As2 (circles) with the multigap fit. Contributions from different
bands calculated by the parameters given in Table I are also shown (solid lines). (b) Low-temperature superfluid stiffness of
CsFe2As2 (circles) with the multigap fit considering the effect of quantum criticality assuming the momentum dependence
of v∗F (k) ∝ |∆(k)|
1/2. The zero-temperature values of each curve correspond to the effective weight taking into account
the difference of gap magnitude. (c) Calculated results of ρζs(T ) with and without considering k-dependence of v
∗
F in the
superconducting state.
